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T h ec e l lw a l lo fChlorella is composed of up to 80% carbohydrates including cellulose. In this study, Chlorella homosphaera and
Chlorella zoﬁngiensis were evaluated as source of fermentable sugars via their cell wall enzymatic degradation. The algae were
cultivated in inorganic medium, collected at the stationary growth phase and centrifuged. The cell pellet was suspended in citrate
buﬀer, pH 4.8 and subjected to 24 hours hydrolysis at 50◦C using a cellulases, xylanases, and amylases blend. The measurement of
glucose and reducing sugars concentration in the reaction mixture supernatant, on a dry biomass base, showed hydrolysis yields of
2.9% and 5.03% glucose and 4.8% and 8.6% reducing sugars, for C. homosphaera and C. zoﬁngiensis, respectively. However if cells
were washed with chilled ethanol, cold dried, and grounded the biomass hydrolysis yields increased to 23.3% and 18.4% glucose
and 24.5% and 19.3% reducing sugars for C. homosphaera and C. zoﬁngiensis,r e s p e c t i v e l y .
1.Introduction
The commitment of several nations to reduce the carbon
dioxide emissions has given a great impulse to the develop-
mentofalternativeenergysourcesnotbasedonfossilsources
but rather on renewable resources. Plants and algae are
good candidates, as alternative energy sources, as they obtain
their energy from the sunlight and build up their biomass
by removing carbon dioxide from atmosphere through
photosynthesis. In this way, any time a fuel originated from
plants or algae is burnt, the carbon dioxide emitted is the
very same that was previously removed by those organisms.
However, diﬀerently from plants, algae cultivation does not
compete for land crop occupation. Microalgae are particu-
larly attractive as they are photoautotrophic organisms that
grow in simple inorganic medium and contrary to higher
plants, each cell is photosynthetically competent so that
the amount of carbon dioxide ﬁxed is much higher in a
biomass base [1]. Moreover, its cell wall structure does not
present lignin, which can be advantageous to the enzymatic
hydrolysis of its polysaccharide components [2].
Considering the structure of the cell wall, some Chlorella
species possess an outer cell wall layer and an inner cell wall
layer, while other species present only the inner cell wall
layer [3]. The outer cell wall layer consists of two types of
ultrastructure. In the ﬁrst one it is observed a trilaminar
structure and the presence of algaenan which is a highly
resistant, nonhydrolyzable aliphatic biopolymer composed
of long-chain even-carbon-numbered ω9-unsaturated ω-
hydroxyfattyacidmonomersvaryinginchainlengthfrom30
to 34 carbon atoms. These monomers are intermolecularly
ester linked to form linear chains in which the unsaturations
act as the starting position of ether cross-linking [4–6]. The
second type of outer cell wall layer shows a homogeneous
ultrastructure and as such, the trilaminar layer and algaenan
are absent [6, 7]. C. zoﬁngiensis and C. homosphaera are2 Enzyme Research
amongst those species that possess trilaminar layer and
possibly algaenan in their cell wall [6, 8]. The inner cell wall
layer shows high cellulose content [9, 10] and is prone to
chemical and enzymatic degradation. It is composed of a
matrix and a rigid ﬁbrillar structure, which was called by
Takeda and Hirokawa “rigid cell wall” [11]. The matrix is
soluble in alkalis and triﬂuoroacetic acid while the so-called
“rigidcellwall”ishydrolyzeduponHClorH2SO4 treatment.
The sugar composition of the algae cell wall has been
studied. The cell wall of microalgae belonging to the Chloro-
phytedivision mayreachupto80%in carbohydratecontent,
as is the case for Chlorella fusca [12]. The composition and
the cell wall structure is species dependent and may be
used as taxonomical markers [13–15]. As such, the genus
Chlorella comprises of species in which the “rigid cell wall” is
composed of polysaccharides formed mainly by glucose and
mannose and those in which this structure is composed of
polysaccharides formed mainly by glucosamine. The sugar
composition of the cell wall matrix of the ﬁrst group is
dominated by mannose and fucose whereas in the second
group galactose, fucose, and sometimes xylose are the main
sugars found [11, 13, 14]. The cell wall sugar composition
of C. zoﬁngiensis is 70% glucose and 30% mannose in
its “rigid cell wall” and 65% mannose, 30% glucose, plus
minor amounts of rhamnose and galactose in its matrix
cell wall [14]. Concerning cell wall sugar composition of C.
homosphaera, whose synonymy with Chlorella minutissima
has been recently established [8], it presents 85% glucose
15% mannose in its “rigid cell wall” and 70% mannose, 20%
glucose, and 10% galactose in its matrix cell wall [14].
Accordingly, Chlorella cell wall is a good source of ferme-
ntable sugars, mostly cellulose derived, not to mention its
starch content [16], provided these polysaccharides are pro-
perly hydrolyzed.
This work aims to evaluate the use of Chlorella,ag r e e n
microalgae, as source of fermentable sugars for second gen-
eration ethanol production, via the enzymatic hydrolysis of
its cell wall polysaccharides and intracellular starch content.
2.MaterialsandMethods
2.1. Cells and Growth. Cells of Chlorella zoﬁngiensis and C.
homosphaera were maintained in inorganic WC medium
[17]a t2 1 ◦Cu n d e r6 0μmol photons·m−2·s−1 irradiance of
daylight white ﬂuorescent light (Osram, Osasco, SP, Brazil)
with 12 hours of photoperiod. Algae were kept in 250mL
erlenmeyers with 50mL of medium and shaken occasionally.
In order to obtain larger quantities of biomass, cells were
grown in 4000mL erlenmeyers with 3500mL of medium
under continuous aeration (10mL·min−1).
Cells were collected at the middle of stationary phase of
growthgiventhatatthisstageofgrowth,themaximumbatch
biomass yield is obtained. Moreover, it is at the stationary
phase that algae stop dividing and begin to accumulate
photosynthates, among them structural polysaccharides,
besides showing less night biomass loss [18].
Cells were centrifuged at 10, 400 × gf o r1 0m i ni naS o r -
val centrifuge (Sorval Instruments, Wilmington, Del, USA),
washed twice with distilled water, resuspended in 50mM
citrate buﬀer pH 4.8 to form a concentrated suspension
and frozen until use. Before the freezing step, an aliquot of
1mL of this suspension was used to determine the dry cell
mass content whereby 64mg cell dry weight were recovered
from 1mL of the concentrated cell suspension. Alternatively,
instead of being resuspended in citrate buﬀer and frozen,
cells were washed twice with chilled 95% ethanol, cold dried
and ground with a pestle and mortar until a ﬁne powder was
obtained. The dried, cell powder was kept frozen until use.
2.2. Enzymatic Hydrolysis. Cells were hydrolyzed by a mix-
ture of cellulases, xylanases, and amylases enzymes produced
by Tricoderma reesei—RUT C30 and Aspergillus awamori
[19, 20] in a proportion of 10FPU/g dry mass and 1g cell
(dry mass)/10mL of the reaction medium. The algae frozen
suspensions were thawed, its volume measured, and its dry
mass concentration was used to calculate the amount of
enzyme preparation necessary to provide an enzyme load
of 10FPU/g dry mass. The reaction volume was afterwards
corrected with 50mM citrate buﬀer pH 4.8 to give a ﬁnal
cell (dry mass) concentration of 1g/10mL of the reaction
medium which was incubated at 50◦C in a rotatory shaker
(Innova, New Brunswick Scientiﬁc, Edison, NJ, USA) using
a glass capped erlenmeyer. Aliquots were withdrawn after 0,
2,4,6,and24hofhydrolysis,incubatedfor5mininaboiling
water bath to quench the enzymatic reaction, centrifuged to
sediment solid particles and the supernatants were used for
glucose and reducing sugars determination. The conditions
for the hydrolysis experiments, which were carried out using
chilled 95% ethanol, cold dried, and ground cells were the
s a m e ,h o w e v e rs a m p l i n gw a so n l yc a r r i e do u ta f t e r2 4ho f
hydrolysis.
2.3. Sugar Determination. YSI 2730 glucose analyzer (Yellow
Springs Incorporated, Ohio, USA) was used for glucose con-
centration measurement. Reductant sugars were determined
by the 3,4-dinitrosalicylic acid method (DNS) [21] using a
solution of 10mM glucose as standard.
2.4. Biomass Hydrolysis Yield Calculation. Hydrolysis yields
were expressed on a dry biomass base. Data for glucose
concentration (g·L−1) and reductant sugars concentration
(μmol·mL−1) were normalized so that hydrolysis yields were
expressed in gram of glucose/reducing sugar per 100 g of dry
biomass.
2.4.1. Calculation for Glucose Yield. The glucose analyser
gives the results in g·L−1.L e tC be the glucose concentration
in the reaction mixture supernatant and V (mL) the total
volume of the hydrolysis reaction. For the determination of
the total glucose amount in grams (m), resulting from a
known amount of dry biomass, the concentration C must be
divided by 1000 and multiplied by V, as shown in
m =
V
1000
· C. (1)
Thehydrolysisyield(Y)wasexpressedingramofglucose
per 100g of dry biomass according to (2), where the massEnzyme Research 3
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Figure 1: Time course for glucose accumulation upon the enzy-
matic hydrolysis of C. homosphaera and C. zoﬁngiensis polysac-
charides. Cells suspensions (100mg dry mass·mL−1)i n5 0 m M
citrate buﬀer pH 4.8 were hydrolyzed by a mixture of cellulases,
xylanases, and amylases enzymes produced by Tricoderma reesei—
RUT C30 and Aspergillus awamori—for 24h at 50◦C. Aliquots were
w i t h d r a w na t0 ,2 ,4 ,6 ,a n d2 4hh y d r o l y s i s .
in gram of biomass used in the experiments of hydrolyses is
represented by mb.
Y ≡
100
mb
·m =
100
mb
·
V
1000
·C
∴ Y =
V ·C
10 ·mb
.
(2)
2.4.2. Calculation for Reducing Sugar Yield (Hexose Equiv-
alents). The results obtained from DNS method gives the
results in μmol reducing sugar·mL−1.L e tc be the concentra-
tion of reducing sugar in the reaction mixture supernatant.
In order to express this concentration in mol·mL−1 (c
 ), c
must be divided by 106 or multiplied by 10−6
c  = 10−6 ·c. (3)
Multiplying (3) by the molar mass it is obtained the
concentration in gram per milliliter (cg). All hexoses have
thesamemolecularmass;itsvalueis180mol/g. Equation (3)
then becomes
cg = 180 ·c
  ∴ cg = 180 ·10
−6c
∴ cg = 0.18 ·10
−3 · c.
(4)
The total amount of reducing sugar in grams (m) within
the reactor is obtained multiplying cg by the volume of
the hydrolysis reaction mixture (V)a sd e ﬁ n e dp r e v i o u s l y .
Equation (4)b e c o m e s :
m = V · cg ∴ m = 0.18 ·10−3 ·c ·V. (5)
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Figure 2: Time course for reductant sugars accumulation upon
the enzymatic hydrolysis of C. homosphaera and C. zoﬁngiensis
polysaccharides. Conditions as described in Figure 1.
The hydrolysis yield (Y) is calculated as shown previ-
ously:
Y ≡
100
mb
·m =
100
mb
·0.18 ·10
−3 · c ·V
∴ Y = 0.018 ·
c ·V
mb
.
(6)
If results were to be expressed in milligram of glu-
cose/reducing sugar per gram of dry biomass (Y
 ), Y had to
be multiplied by 1000 and divided by 100: (Y
 
= 10 ·Y).
3. Results and Discussion
Figures 1 and 2 show the time course, up to 24 hours,
for glucose and reducing carbohydrates (hexose equivalents)
accumulation, in the enzymatic hydrolysis experiments
using the biomass of C. homosphaera and C. zoﬁngiensis,
respectively. Results were expressed as milligram of sugar per
gram of dry biomass. A continuous increase in the amount
of hydrolyzed glucose and total reducing carbohydrates was
observed within the 24 hours of experimental assay. As
a sugar concentration plateau was not reached it is likely
that higher concentrations would be reached upon a longer
incubation period. The amount of hydrolyzed sugars, either
glucose or total reducing sugars, were consistently higher
for C. zoﬁngiensis. After 24h hydrolysis, C. homosphaera
yielded a 2.9% of hydrolyzed glucose and 4.8% of total
reducing sugars whereas C. zoﬁngiensis yielded 5.0 and 8.6%,
respectively, on a dry biomass base, indicating this material
to be more prone to enzymatic hydrolysis. When the amount
of glucose relative to total reducing sugar, was calculated,
it was found that 60.4% of all reducing sugars was glucose
for C. homosphaera and 58.1% for C. zoﬁngiensis. It is also
interesting to note that, although the amount of hydrolysed
sugars was higher for C. zoﬁngiensis the proportion of4 Enzyme Research
0
5
10
15
20
25
H
y
d
r
o
l
y
z
e
d
s
u
g
a
r
(
%
)
C.homosphaera C. zoﬁngiensis
Glucose suspended biomass
Glucose ground biomass
Reducing sugar suspended biomass
Reducing sugar ground biomass
Figure 3: Eﬀect of biomass pretreatment on hydrolyzed sugar
yields for C. homosphaera and C. zoﬁngiensis. Cells pellet were
r e s u s p e n d e di nc i t r a t eb u ﬀer pH 4.8 and subjected to enzymatic
hydrolysis (blue and orange bars) or washed twice with chilled
ethanol 95% (v/v), cold dried and ground, and then subjected to
enzymatic hydrolysis in citrate pH 4.8 buﬀer (green and red bars).
Hydrolyzedglucose(blueandgreenbars)andtotalreductantsugars
(orange and red bars) were determined.
glucose to reducing sugars was the same, suggesting that
both species may have similar cell wall composition and
structure, allowing a similar enzymatic attack. These results
are consistent to the cell wall structure and composition
previously reported [14], since their cell walls show similar
sugar composition and their polysaccharides are composed
predominantly by glucose and mannose.
The set of enzymatic hydrolysis experiments using
cells which were washed with chilled 95% (v/v) ethanol,
cold dried and ground showed a dramatic increase in
the hydrolysis yield after 24h as shown in Figure 3. C.
homosphaera yielded 23.3% of hydrolyzed glucose and
24.5% of reductant carbohydrates, whereas C. zoﬁngiensis
yielded 18.4 and 19.3%, respectively, on a dry biomass base.
These data indicated an 8 fold increase in the amount of
hydrolyzed glucose and 4.8-fold in that of reductant sugars
for C. homosphaera whereas for C. zoﬁngiensis the increase,
nevertheless lower, of 3.8- and 2.2-folds, respectively, was
also important. Interestingly, the algae biomass pretreatment
procedure leveled the yield of hydrolyzed sugars for both
species (Figure 3). It could be argued that these results might
not be comparable with those obtained from the suspended
biomass (Figure 2) because the hydrolysis time course was
not done for the pretreated biomass. That would indeed
be true if the subject of comparison were the time course
for enzymatic progression. However the purpose of this
procedure was solely to compare the hydrolysis sugar yield,
for both materials, within 24h reaction.
Besides the signiﬁcant improvement in the algae biomass
hydrolysis yield, it was found that glucose represented 95.1%
of the total hydrolyzed sugars for C. homosphaera and 95.3%
for C. zoﬁngiensis which is quite remarkable considering
the diversiﬁed sugars composition of the algae cell wall.
This might suggest that the dehydration and powdering
pretreatment procedures have destabilized the algae cell wall,
specially the outer cell wall, allowing the selective action of
the enzymes blend in the cellulose ultrastructures of the cell
wall that were not available in the native cell wall structure.
Although the algae biomass starch content was not
determined, it is not possible to rule out starch hydrolysis
into glucose due to the high amylases content of the enzyme
blend which was used in this study [19].
Inasimilarstudy,Fuetal.[22]investigatedthehydrolysis
of cell wall of Chlorella sp. using immobilized cellulase.
The authors reported a yield of 58% of hydrolyzed glucose
relative to total sugar content after 24h of continuous
enzymetreatment.Consideringthatcelluloserepresents33%
of the algal dry biomass in C. pyrenoidosa [2], and assuming
that this is true for all species of the genus Chlorella, the
aforementioned hydrolysis yield corresponds to a 19.4%
yield on a dry biomass base. These results are similar to those
found in this study.
It is also important to emphasize the concentration
of glucose syrup, of 23.3g·L−1 for C. homosphaera and
18.4g·L−1 for C. zoﬁngiensis showing that higher concen-
trations may be achieved upon the optimization of these
initial working conditions. As such, Chlorella sugar syrups
are promising as renewable resources for a bioethanol or
bioreﬁnery platform.
The continuation of this study will include analysis
of the algae biomass starch content, optimization of the
pretreatment conditions for both the dehydration and the
grindingsteps,andimprovementoftheenzymatichydrolysis
conditions, considering temperature, pH, and incubation
time, as well as the enzyme load, aiming to increase
yields and to decrease the hydrolysis time. Studies will also
determine and compare with the literature the cell wall com-
position of both species, analyze the hydrolysates reducing
sugarscomposition andthecarbohydratecompositionofthe
residual nonhydrolyzed algae polysaccharides, as well as the
adequacy of the algae sugar syrups for ethanol fermentation
by Saccharomyces cerevisiae.
4. Conclusions
The use of C. homosphaera and C. zoﬁngiensis as a source of
biomass for second generation ethanol production showed
to be quite promising. High yields of the fermentable sugar
glucose were obtained from the algae biomass, by the use of a
simplepre-treatmentprocedure,whichinvolveddehydration
and grinding, followed by hydrolysis by an enzyme blend,
produced by Tricoderma reesei—RUT C30 and Aspergillus
awamori.Thisenzymepollpresentedacollectionofactivities
which proved to be adequate for the cell wall degradation of
the algae species which were evaluated in this study.
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